The Asian citrus psyllid, Diaphorina citri Kuwayama (Hemiptera: Liviidae), can cause direct damage to citrus trees and is the main vector for the devastating disease, citrus greening disease or huanglongbing. Most molecular studies on this important insect pest use real-time reverse-transcription quantitative polymerase chain reaction (RT-qPCR) to quantify gene expression, including analyzing molecular basis for insecticide resistance in field populations. One critical factor to cause inaccuracy in RT-qPCR results is the lack of appropriate internal reference genes for optimal data normalization. In this study, the expression levels of 10 selected reference genes were evaluated in different tissue samples of psyllid adults and in the insects treated with different temperatures and insecticides. Data were analyzed using different computational algorithms, including Delta Ct, BestKeeper, NormFinder, geNorm, and RefFinder. According to our results, at least two reference genes should be used for the normalization of RT-qPCR data in this insect. The best choices of reference genes for different samples are as follows: ACT1 and Ferritin for different tissue samples, RPS20 and Ferritin for samples treated with different temperatures, TBP and EF1α for samples treated with imidacloprid, and Ferritin and TBP for samples treated with beta-cypermethrin. The reference genes identified in this study should be useful for future studies to analyze the expression patterns of target genes, especially for genes linked with temperature adaptability and insecticide resistance in this insect species in the future.
(nAChR), are widely used for controlling phloem sap-sucking pests because of its broad insecticidal spectrum and long-lasting activity against insects (Miranda et al. 2016) . Imidacloprid, a representative compound of neonicotinoids, could be absorbed by the roots of citrus trees and exhibited a good insecticide effect on Asian citrus psyllids (Grafton-Cardwell et al. 2013 , Brar et al. 2017 . Betacypermethrin, one of pyrethroids that target the voltage-gated sodium channel, has also been used to manage Asian citrus psyllids (Tiwari et al. 2011b . Because of the extensive use of insecticides, Asian citrus psyllid populations with the insecticide resistance have been accumulating in fields (Kanga et al. 2016) . Apparently novel approaches need to be developed for the management of the Asian citrus psyllid.
Because of its economic importance and the need for novel technologies to control this pest, molecular studies on various aspects of the Asian citrus psyllid have been advanced relatively rapidly. The genome of the Asian citrus psyllid has been sequenced (Arp et al. 2016) . Transcriptomic analyses, gene knockdown, and various other molecular research have been carried out by scientists around the world (Reese et al. 2014) . In most molecular studies, accurate determination of gene expression levels becomes essential to obtain accurate results. Among various techniques for quantification of transcript abundance, the real-time reversetranscription quantitative polymerase chain reaction (RT-qPCR) is the most extensively used because of its sensitivity and relatively easy to use (Ibanez and Tamborindeguy 2016, Zhang et al. 2017) . RT-qPCR is also relatively reliable and considered as the gold standard (Dzaki et al. 2017 , Shu et al. 2018 ). However, the threshold cycle (Ct) value and reliability of results could also be interfered by several factors, including RNA quality, equality of reverse transcription, and efficiency of priming and primer extension (Kang et al. 2017 , Sagri et al. 2017 . Consequently, a reference gene is usually included when doing RT-qPCR to reduce potential impact of these factors on the accuracy of results (Koramutla et al. 2016) . Usually, those genes expressed constitutively and stably under different conditions and at different developmental stages are chosen as reference genes. For example, the genes encoding ribosomal proteins, cytoskeletal proteins, and ribosomal translation factors are often used as references . Recently, variation in expression of commonly used reference genes has been reported under different abiotic and biotic conditions (D'Souza-Schorey and Chavrier 2006 , Nicholls et al. 2012 . Therefore, reference genes need to be pretested in a specific system to make sure that their expression levels are stable under different experimental conditions to obtain accurate conclusions.
To date, genes encoding actin, α-tubulin, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) have been frequently used as reference genes for RT-qPCR analyses on the Asian citrus psyllid (Tiwari et al. 2011a , Ferrara et al. 2015 , Van Ekert et al. 2015 . However, the stability of these reference genes has not been tested under different experimental treatments despite there was an initial analysis (Bassan et al. 2017) . The objective of this study is to compare the suitability of commonly used reference genes for studies on the Asian citrus psyllid under different experimental conditions. Specifically, 10 candidate reference genes commonly used in the literature were selected and tested for their stability in gene expression under various conditions using five different algorithms, including NormFinder, BestKeeper, Delta Ct method, geNorm, and RefFinder. Our results evaluated the stable reference genes under various treatments, which should provide a foundation for future research on molecular mechanism in D. citri.
Materials and Methods

Insect Rearing
A colony of the Asian citrus psyllid derived from a field collection nearby Guangzhou has been maintained in our laboratory with Murraya exotica, as the host and the population were cultured without exposure to insecticides for more than 1 yr. M. exotica plants were transplanted about 1 yr before being used for insect rearing. Asian citrus psyllids were cultured in growth chambers programed at the following parameters: 26 ± 1°C, 70% RH, and a photoperiod of 12:12 (L:D) h.
Treatments and Sample Collection
To evaluate the expression stability of reference genes in different tissues, psyllid adults were dissected to obtain heads, thoraces, and abdomens. Three replicates were obtained for each tissue, with 150 heads, 50 thoraces, and 50 abdomens for each tissue replicate. The tissues were collected into phosphate-buffered saline in 1.5-ml centrifuge tubes and frozen in liquid nitrogen immediately. The tissues were stored at −80°C until use.
To examine the impact of temperatures on the expression stability of selected reference genes, psyllid adults were treated under different temperatures. Specifically, adults were maintained at 5, 15, 25, and 35°C, respectively, for 2 h, in different growth chambers. After the treatments, adults were collected and kept at −80°C. Again, three biological replicates were included for each temperature exposure, and 20 adults were obtained for one replicate.
To examine the influence of insecticides on the expression levels of the selected reference genes, imidacloprid and beta-cypermethrin (Yinghui Crop Science Co., Ltd., Foshan, China), the commonly used insecticides for controlling the Asian citrus psyllid, were selected in this study. Insecticide treatments were carried out following the so-called leaf dip method. Briefly, leaves excised from M. exotica were socked in a 0.5 µg/ml imidacloprid solution or 1 µg/ ml beta-cypermethrin for 30 s and then air-dried at room temperature for 1 h before being placed into a petri dish. Psyllid adults were then transferred and maintained on the treated leaves for 24 h. Three replicates were carried out, each with 60 adults. Adults survived on the treated leaves were collected and kept at −80°C. Control groups were treated with sterile water containing 0.1% acetone.
Total RNA Extraction and cDNA Synthesis
Whole insects or different tissues were ground under liquid nitrogen, and total RNA was extracted using a TansZol Up Plus RNA Kit (TRANSGEN BIOTECH, Beijing, China) following the protocol provided by the manufacturer. RNA quality and quantity were determined on a Nano-100 Micro-Spectrophotometer (ALLSHENG, Hangzhou, China). Equal amounts of total RNA samples were used for cDNA synthesis with a PrimeScript RT Reagent Kit that contained gDNA Eraser (TaKaRa, Dalian, Japan), according to the manufacturer's instructions.
Selection of Reference Genes and Primer Design
In this study, 10 of the reference genes were selected for stability assessment from National Center for Biotechnology Information (NCBI), including ACT1 (XM_008473151.1) encoding actin, EF-1α (XM_008479903.1) encoding elongation factor 1 α, EF2 (XM_008483260.2) encoding elongation factor 2, Ferritin (KF907311.1) encoding ferritin, GAPDH (XM_008481620.1) encoding glyceraldehyde 3-dehydrogenase, RPL13A (DQ675552.1) encoding ribosomal protein L13A, RPS13 (NM_001297689.1) encoding ribosomal protein S13, RPS20 (XM_008478455.1) encoding ribosomal protein S20, TBP (XM_008483462.2) encoding a TATA-boxbinding protein, and α-TUB (DQ675550.1) encoding α-tubulin. Primers for RT-qPCR amplification were designed using the software of Primer Premier 5.0 (Premier, Canada) and are listed in Table 1 .
Generation of Standard Curves for RT-qPCR Analysis
The first-strand cDNA was synthesized using a PrimeScript First-Strand cDNA Synthesis Kit (TaKaRa, Dalian, Japan) according to the provided protocol. PCR amplifications of the selected reference genes were performed with the LA Taq DNA polymerase (TaKaRa, Dalian, Japan) in 50-µl reaction mixture, and the PCR program was set as follows: 94°C for 3 min for denaturation, 32 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 20 s, followed by a final extension at 72°C for 10 min. PCR products were analyzed through agarose gel electrophoresis and purified with a MiniBEST Agarose Gel DNA Extraction Kit Ver.3.0 (TaKaRa, Dalian, Japan). The purified PCR products were diluted 10-fold and then used as templates to generate standard curves through PCR using LighCycler480 SYBR Green I on a LighCycler480 II machine (Roche, Basel, Switzerland).
RT-qPCR Analyses
To obtain the Ct values of the selected reference genes for different samples, RT-qPCR was conducted in 10-µl reaction mixture containing 5-µl LighCycler480 SYBR Green I, 0.5 µl of each primer, 0.5-µl cDNA, and 3.5-µl sterile water. PCR amplification was executed as follows: 95°C for 2 min for denaturation, 40 cycles of 95°C for 30 s, 60°C for 15 s, and 72°C for 15 s, followed by a melting-curve analysis with 95°C for 10 s and 65°C for 5 s.
Data Analyses
To access the stability in expression levels of the selected reference genes, Ct values from different samples were collected and analyzed using the following different approaches: the comparative Delta Ct method, BestKeeper, geNorm, and NormFinder. A comprehensive ranking of the selected reference genes was obtained via the web-based analysis tool RefFinder (http://www.leonxie.com/referencegene.php).
Results
Expression Profiles of Selected Reference Genes
Primer efficiency is an important factor that affects the accuracy of RT-qPCR results. Primer pairs specific to each of the selected reference genes were evaluated. As shown in Fig. 1a , a single amplicon with the expected size was obtained for each gene based on agarose gel visualization. Specific amplification of amplicons for different reference genes was further confirmed by observing single melting curves in each RT-qPCR analysis. Based on the standard curves for different reference genes, primer efficiencies ranged from 90.3 to 108.1% and the correlation coefficients (R 2 ) ranged from 0.969 to 1.000 ( Table 1 ). The results indicate that all primers met the standard requirement for RT-qPCR analyses.
The Ct values for some of the selected reference genes obtained from different samples varied significantly under different experimental conditions ( Fig. 1b-e ). For example, imidacloprid treatments resulted in elevated Ct values for ACT1, Ef-1α, EF-2, Ferritin, GAPDH, and RPL-13A (Fig. 1d ). The greatest impact of imidacloprid was on ACT1, with Ct value increased from 24.89 in controls to 27.15 in treated samples. Cypermethrin treatments did also result in elevated Ct values for some of the selected reference genes, including ACT1, Ef-1α, EF-2, and TBP (Fig. 1e ). The Ct values for RPS13, RPS20, and α-TUB remained relatively constant under the treatments with both insecticides. In terms of expression, EF-1α exhibited the highest (18.82 ± 1.96) expression level, followed with RPS20 (19.09 ± 0.75), GAPDH (19.82 ± 1.30), Ferritin (20.09 ± 0.66), and RPL13A (20.45 ± 0.76). ACT1 showed the highest expression variation, with average Ct values 22.87 ± 2.67.
Stability of the Selected Reference Genes
To evaluate the stability of selected reference genes among different sample types, the algorithms of comparative Delta Ct method, BestKeeper, geNorm, and NormFinder were used. At the same time, the overall stability ranking was calculated by RefFinder.
Delta Ct analyses revealed that ACT1 and Ferritin should be the most stable genes among the selected reference genes among different tissue samples of adults. RPS20 and Ferritin were more stable in samples treated under different temperatures. Under treatments with imidacloprid and beta-cypermethrin, Ferritin and TBP exhibited the lowest SD and therefore were the most stable genes for adult samples (Table 2) .
BestKeeper analyses indicated that RPS13 could not be used as a reference gene when analyzing tissue samples because of SD > 1. Ferritin remained steady among different tissue samples and samples treated with beta-cypermethrin and under different temperatures based on the lower SD value and coefficient of variation. For the samples treated with imidacloprid, EF1α was the most stable gene (Table 2) .
NormFinder analyses revealed that RPS20 exhibited the most stable gene, followed with RPL13A, ACT1, Ferritin, and EF2 for normal tissue sample analyses. For samples treated under different temperatures, Ferritin and RPS20 were the most stable genes, consistent with the results obtained using the two algorithms as above. For the samples treated with imidacloprid, the stability order of ref-
For samples treated with beta-cypermethrin, Ferritin was the most stable, whereas TBP was the least stable reference gene (Table 2) . geNorm analyses revealed that EF2 and TBP were the most stable gene for analyzing different tissue samples. GAPDH and EF2 were ranked the most stable for the samples treated with both imidacloprid and beta-cypermethrin. In addition, the pairwise variation V calculated by geNorm was used to determine the least number of reference genes for optimal normalization. According to the geNorm results, all V2/3 were less than 0.15, suggesting that two reference genes should be combined for optimal normalization in different sample types (Fig. 2) . Therefore, EF2 and TBP could be the best combination of reference genes for tissue samples, Ferritin and RPS20 for samples treated with different temperatures, GAPDH and EF-1α for samples treated with imidacloprid, and GAPDH and Ferritin for samples treated with beta-cypermethrin.
RefFinder ranked the reference genes for different tissue samples ACT1 > Ferritin > EF2 > TBP > RPS20 > RPL13A > EF-1α > GAPDH > RPS13 > α-TUB; ranked the reference genes for samples treated under different temperatures RPS20 > Ferritin > TBP > RPS13 > EF2 > RPL13A > α-TUB > EF-1α > GAPDH > ACT1. For samples treated with imidacloprid, TBP and EF-1α were the two most stable genes. For samples treated with beta-cypermethrin stress, Ferritin and TBP were the most stable genes (Fig. 3 ).
Discussion
One of the most commonly adapted techniques for molecular research is RT-qPCR used for gene expression quantification. Previously, a reference gene with a house-keeping function was often arbitrarily selected for normalization of expression data for target genes. The problem is that the expression of many commonly used reference genes has been found to be influenced strongly by changes in experimental conditions, resulting in inaccuracy in interpreting results. To address this issue, various methods have been developed to select references genes that are stably expressed in a specific organism under a specific experimental setting. In the field of entomological studies, the evaluation of reference genes has been conducted in various Hemipteran insects, including Lipaphis erysimi The bold/italic values represent the reference gene with high stability and ranking. Fig. 2 . Determination of the optimal number of reference genes for normalization of the RT-qPCR data by geNorm. Pairwise variation (Vn/Vn+1) was calculated between normalization factors NFn and NFn+1 to determine the optimal number. The value of Vn/Vn+1 < 0.15 means n should be the optimal number for reference gene selection during RT-qPCR analysis. . Evaluation of reference genes for the Asian citrus psyllid has been conducted for samples collected from different developmental stages and insects feeding on different host plants (Bassan et al. 2017) .
Our main interest in the present study was to evaluate the stability of selected reference genes in different tissues of the Asian citrus psyllid and in the psyllids treated with different insecticides and under different temperatures. Temperature affects a variety of physiological activities of D. citri, including development, survival rates, morphometric variation, flight duration, energy metabolism, and detoxification of insecticides (Boina et al. 2009 , EI-Shesheny et al. 2016 , Paris et al. 2017 , Martini et al. 2018 , Qasim et al. 2018 ). However, the molecular mechanism for temperature effects remains unknown. Because of its economic importance, Asian citrus psyllid is mainly controlled by using insecticides. Unfortunately, psyllid populations with resistance to insecticides have been accumulating in fields, limiting the effectiveness of insecticides for controlling this devastating pest. RT-qPCR is extensively used in both basic research to elucidate molecular mechanisms for temperature effects, for insecticide resistance, and for applied resistance management strategies.
Ten commonly used genes were selected to be evaluated by different algorithms, namely Delta Ct method, BestKeeper, NormFinder, and geNorm, and ranked by RefFinder. As has been previously observed, different algorithms gave different rankings on the selected reference genes under different treatments, indicating that some of the algorithms remain to be improved for more accurate prediction. To examine which algorithms produce more consistent results, a combined ranking was regenerated by averaging the rankings produced from the four algorithms (Table 2) . Correlation coefficients were then calculated between individual rankings given by the four algorithms and the combined ranking. The correlation coefficients between the combined ranking and rankings resulted from Delta Ct, NormFinder, and geNorm are range from 0.81 to 0.94. However, the coefficient between the combined ranking and the ranking resulted from BestKeeper is only 0.50, indicating that BestKeeper gave rankings less consistent with those given by the other three algorithms under our experimental conditions. Based on the combined ranking, Ferritin and ACT1 provided the most stable references for different tissue samples of the Asian citrus psyllid adults, whereas α-TUB was the most unstable one. Ferritin and RPS20 provided the most stable references for samples treated under different temperature, whereas ACT1 was the most unstable one. Ferritin and TBP provided the most stable references for samples treated with the insecticide betacypermethrin, whereas ACT1 was the most unstable one. EF1α and TBP provided the most stable references in samples treated with the insecticide imidacloprid, followed by Ferritin and RPL13A, and again ACT1 was the most unstable one.
Ferritin is a ubiquitous protein that stores and releases iron in a controlled fashion in all living organisms including bacteria (Bradley et al. 2016 , Rosas-Arellano et al. 2016 . Genes encoding Ferritins have also been evaluated as the best references for RT-qPCR analyses in other organisms, such as B. cockerelli (Ibanez and Tamborindeguy 2016) and Dendrocalamus latiflorus (Munro) (Poales: Gramineae) . In this study, our results showed that Ferritin can provide a stable reference in adults of D. citri under different conditions, including under different temperatures and exposure to different insecticides. Our results suggested that Ferritin might be a more ideal choice for RT-qPCR data normalization under a range of experimental conditions.
Our results also suggested that ACT1 can provide a stable reference for different tissue samples. However, ACT1 became the most unstable reference in samples treated with insecticides. This observation is not surprising since ACT1 encodes actin, a structural component of muscle filaments. However, actin does also play other critical functions including cell division and signal transduction (Dominguez and Homes 2011) . Under normal physiological conditions, actins are likely to serve as a structural component for muscle contraction, and therefore, its expression remains constant. Under different temperatures and insecticide treatments, actins may play signaling functions with alteration in gene expression. Our results suggest that care must be taken when ACT1 is chosen to be a reference for RT-qPCR normalization.
In addition, our data suggested that TBP can also provide a relatively stable reference for different tissues of the Asian citrus psyllid and for the psyllids treated with different insecticides or under different temperatures. TBP encodes the transcription factor that binds to the TATA box to initiate gene transcription in eukaryotes (Slivers et al. 2012) . Because it is a general transcription factor for gene expression, it may remain expressed relatively constantly to maintain basic transcription activity. TBP has been used as a reference in RT-qPCR analyses in other organisms. For example, TBP remains stable expression under different conditions in A. gossypii (Ma et al. 2016) . TBP has also been recommend as a suitable reference in Aphis glycines (Matsumura) (Homoptera: Aphididae) under different conditions (Bansal et al. 2012) , and recommended as a reference in other insects including Amrasca biguttula biguttula (Ishida) (Homoptera: Cicadellidae) (Singh et al. 2018) , Drosophila suzukii (Matsumura) (Diptera: Drosophilidae) (Zhai et al. 2014) , and A. gifuensis (Gao et al. 2017) .
In contrast, the stability of the three genes encoding ribosomal proteins RPS13, RPL13A, and RPS20 was poor in most cases of this study. Ribosomal proteins are widely distributed and high conserved in eukaryotes (Deiorio-Haggar et al. 2013) . Ribosomal proteins do not have catalytic activities, but they play critical roles in protein biosynthesis, regulatory, and structural functions of ribosomes (Brodersen and Nissen 2005, O'Leary et al. 2013) . Previous studies on aphids L. erysimi and M. persicae have demonstrated that genes encoding ribosomal proteins (RPL13, RPS18, and RPL27) can serve as ideal internal references for RT-qPCR normalization (Koramutla et al. 2016 , Kang et al. 2017 ). However, genes encoding ribosomal protein RPS5 and RPS13 are unstable in the Dipteran Bradysia odoriphaga after treatments with allyl isothiocyanate, lime nitrogen, or thiamethoxam treatments (Shi et al. 2016) . Unstable expression of the gene encoding RPS3 was also observed in Spodoptera litura (Fabricius) (Lepidoptera: Noctuidae) treated with chlorpyrifos, diafenthiuron, spinosad, indoxacarb, and chlorantraniliprole (Lu et al. 2013) . The gene encoding RPS9 was also found unstable in the Western corn rootworm after exposure to Bt toxins (Rodrigues et al. 2014 ). In this study, genes encoding ribosomal proteins varied significantly in the Asian citrus psyllid under different conditions except RPL13A, which was relatively stable in insects treated with insecticides. GAPDH is another gene that has been used extensively in higher animal studies because it encodes an essential metabolic enzyme (Garcin 2018) . However, several studies including this one has showed that GAPDH is not an ideal reference for RT-qPCR analyses in M. persicae (Kang et al. 2016) and Helicoverpa armigera (Hubner) (Lepidoptera: Noctuidae) (Zhang et al. 2015) .
In summary, the expression profiles of 10 selected reference genes of the Asian citrus psyllid were systematically evaluated by Delta Ct, BestKeeper, NormFinder, geNorm, and RefFinder. The results confirmed that two reference genes should be chosen for RT-qPCR normalization, and the best references are ACT1 and Ferritin for tissue samples, RPS20 and Ferritin for samples treated under different temperatures, TPB and EF1α for samples treated with imidacloprid, and Ferritin and TPB for samples treated with beta-cypermethrin, Our results should be beneficial for analyzing the expression profiles of target genes in the future, especially for molecular studies on insecticide resistance in Asian citrus psyllid populations.
